O-labeling of guanine in RNA was 14-25 times more common than in DNA. Kinetics of formation and subsequent removal of oxidized nucleic acids adducts were also monitored up to 24 h. The A549 showed slow turnover rates of adducts in RNA and DNA giving half-lives of approximately 12.5 h for w
Ox-8-oxoGuo) and 8-oxo-7,8-dihydro-29-deoxyguanosine (w 18 Ox-8-oxodGuo) respectively, using high-performance liquid chromatography electrospray ionization tandem mass spectrometry (HPLC-MS/MS). w O-labeling of guanine in RNA was 14-25 times more common than in DNA. Kinetics of formation and subsequent removal of oxidized nucleic acids adducts were also monitored up to 24 h. The A549 showed slow turnover rates of adducts in RNA and DNA giving half-lives of approximately 12.5 h for w
18
Ox-8-oxoGuo in RNA and 20.7 h for w 18 Ox-8-oxodGuo in DNA, respectively.
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Oxidative damage to nucleic acids (DNA and RNA) can lead to malfunctioning and erroneous coding, causing aging and cancer (Finkel and Holbrook, 2000) . Guanine is especially vulnerable to oxidation, having the lowest oxidation potential of the normal nucleosides (Steenken and Jovanovic, 1997) , and giving in DNA from 29-deoxyguanosine (dGuo) (Kasai, 1997; De Zwart et al., 1999) . 8-OxodGuo has the potential to pair with both cytosine and adenine and can cause transcriptional reading errors (Culp et al., 1989; Klein et al., 1992) . In RNA, oxidation of guanosine (Guo) can give (Metzler, 1977) , mainly cytoplasmic, less compartmentalized and less compact than nuclear DNA. Little is known about RNA repair or the consequences of RNA damage. However, the human YB-1 protein was found to specifically bind to RNA containing 8-oxoguanine (Hayakawa et al., 2002) , and it has been found that alkylative RNA damage is repaired in vivo (Aas et al., 2003) . Rat liver treated with the hepatocarcinogen 2-nitropropane showed considerably more RNA oxidation over DNA (Fiala et al., 1989) , and cultured human skin fibroblasts exposed to UVA radiation showed an approximately seven-fold higher degree of RNA oxidation over DNA (Wamer and Wei, 1997) . Substantial oxidation of RNA over DNA has been indicated in human urinary analyses (Park et al., 1992; Weimann et al., 2002) , detected in situ in brains from Parkinson's disease patients (Zhang et al., 1999) and in the early stages of Alzheimer disease (Nunomura et al., 2001) . Given this, we were interested in exposing cultured cells to subtoxic levels of stable isotopically labeled w Ox-8-oxodGuo (DNA) formation, and to study their turnover using parallel extraction of total RNA and total DNA from the same cells. Human lung epithelial A549 cells were chosen, which are capable of tolerating high oxidative insults without undergoing apoptotic cell death (Dandrea et al., 2004) . Measurement of 8-oxodGuo is complicated, as oxidation of dGuo can occur during the work-up procedure, generating artifactually high levels of 8-oxodGuo (Helbock et al., 1998; Hofer and Mö ller, 2002; Ravanat et al., 2002 O 2 x-labeling of DNA was also used for the methodological evaluation of work-up procedures (Ravanat et al., 2002) using HPLC-MS/MS (Ravanat et al., 1998 Frelon et al., 2000) , a technique also used for this study.
Endogenous H 2 O 2 is membrane-permeable and can be derived from many cellular sources, including specific cells of the immune system, intracellular sites such as for mitochondrial respiration, enzymatic reactions, redox cycling of toxic substances such as quinones, and from energetic radiation (Halliwell and Gutteridge, 1999) . Hydrogen peroxide (Thé nard, 1818) is a strong oxidant Ox-H 2 O 2 (0.5-10 mM) for 1 h with analysis of w 18 Ox-8-oxoguanine formation in total RNA and DNA isolated from the same pool of exposed cells. (A) A dose-response relationship was observed up to 5 mM for both RNA and DNA. For RNA, the symbols d, j and m are used to identify a sample at a given dose (DNA from the same sample has an open symbol). Three replicates for each dose were exposed simultaneously and analyzed in parallel (dashed line shows the average). The average DNA levels (mean"SEM) were 0.035"0.015 (0 mM), 0.24"0.017 (0.5 mM), 0.45"0.024 (1 mM), 1.88"0.28 (5 mM) and 1.67"0.25 (10 mM) w Ox-8-oxo(d)Guo formation in RNA versus DNA was constantly ca. 25-fold higher in RNA than DNA, irrespective of the dose of w 18 Ox-H 2 O 2 (mean"SEM and trend line; data from Figure 2A ). Human A549 type II lung carcinoma epithelial cells were obtained from the American Tissue Type Collection and were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin and 1 mM sodium pyruvate at 378C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were passaged by conventional trypsinization every 2-3 days. For experiments, 1.5=10 6 cells were seeded into 100-mm culture dishes in 10 ml of 5% FBS-DMEM with penicillin/streptomycin and grown for 72 h, after which they had reached confluency (approx. 8-9=10
6 cells per dish, Figure 4A ). After washing the cells twice in 5 ml of phosphate-buffered saline (PBS), 3 ml (low volume) of ice-cold DMEM medium (without FBS or penicillin/streptomycin) containing w 18 Ox-H 2 O 2 (90-95 at.% 18 O; Icon Services, Summit, NJ, USA) was added evenly to each dish, which were then transferred (within minutes) to the incubator (378C) for 60 min of incubation. After washing three times in 5 ml of PBS, cells were lysed for nucleic acid extraction in QRL1 buffer (RNA/DNA extraction kit No. 14142, Qiagen, Hilden, Germany) containing 1% v/v b-mercaptoethanol using a cell scraper. Cell lysates from two dishes were pooled and homogenized using a Potter-Elvehjem homogenizer. Thereafter, total DNA and RNA were separately isolated in parallel from the same cells by column binding in turns. The nucleic acids were eluted in 100 ml of water containing 50 mM of the Fe 3q -chelator deferoxamine mesylate. To each 40-60-mg nucleic acid sample were added 5 U of nuclease P 1 and hydrolysis buffer (final concentrations: 30 mM ammonium acetate, 20 mM zinc chloride, pH 5.3), followed by 1 U of alkaline phosphatase and the samples were hydrolyzed for 60 min at 508C. An equal amount of chloroform/isoamyl alcohol (24:1) was added and the tubes were briefly shaken and spun to remove proteins and the samples were concentrated using a speed-vac to approximately 25-30 ml. HPLC-MS/MS analyses were performed as previously described (Ravanat et al., 1998; Frelon et al., 2000) using an autosampler, pump and UV detector (280 nm) for analysis of Guo and dGuo connected in-line to an API 3000 triple-quadrupole mass spectrometer from Applied Biosystems (Foster City, CA, USA) in the ESI q mode detecting transitions from parent wMqHx q ion compounds for highest sensitivity. After HPLC separation, tandem quadrupole m/z-separation followed the transitions for splitting of the N-glycosidic bonds with loss of the 29-ribose (or 29-deoxyribose) unit: M r s302. (Fenton, 1894; Wardman and Candeias, 1996) . Studies of H 2 O 2 -dependent oxidation reactions involving transition metals date back to the mid-19th century (Schö nbein, 1860; Fenton, 1876 Fenton, , 1894 and are mainly believed to involve production of the reactive hydroxyl radical (OH • ) (Downes and Blunt, 1879; Haber and Weiss, 1932) . Other mechanisms have also been suggested, including formation of the oxidizing ferryl ion (FeO 2q ) (Manchot and Wilhelms, 1902; Bray and Gorin, 1932) and, more recently, a two-electron reduction mechanism (Hofer, 2001 ; Figure 1 ).
As shown in Figure 2A, Ox-8-oxoGuo (RNA) and w 18 Ox-8-oxodGuo (DNA) in A549 cells over a 24-h recovery period after 1 h of exposure to 5 mM w 18 Ox-H 2 O 2 . Cells were exposed to peroxide, nucleic acid isolations performed and oxidized base detection performed as described for Figure 2 . Cells were washed three times in 5 ml of PBS and incubated at 378C in 5% FBS-DMEM (without penicillin/streptomycin), after which the cells were washed twice with PBS and lysed. After 1 h, 18 O-labeling of guanine in RNA was on average 14-fold more common than in DNA. Half-lives of w 18 Ox-8-oxoGuo (total RNA) and w 18 Ox-8-oxodGuo (total DNA) were 12.5 and 20.7 h, respectively (compared to the 1-h sample). After 24 h the levels had decreased by 56% (RNA) and 59% (DNA). Measurements were performed in duplicate (dashed lines show the average). A 0.5-h incubation point is also included.
reaching a plateau at 10 mM, for both RNA and DNA. The reason for this plateau is unclear, but could be due to some of the most damaged cells becoming detached from the culture dishes during the wash steps. To facilitate detection of a strong HPLC-MS/MS signal from w O-labeling of guanine in RNA was 14-25-fold more common than in DNA when normalized to their respective total Guo or dGuo contents ( Figures 2B and  3) . Also, the A549 cells contained approximately twice the amount of RNA compared to DNA. Based on a known dependence of this oxidation event on Fenton chemistry, these observations might suggest that transition metals reside closely in the local environment of RNA in the cell, and that the amount of H 2 O 2 reaching the nucleus may be significantly reduced due to cellular defense systems. Furthermore, the processes involved in nucleic acid turnover, which include repair and/or degradation, were found to be rather slow (Figure 3) . Thus, cursory inspection of the kinetics of turnover of w 18 Ox-8-oxoGuo (total RNA) and w
Ox-8-oxodGuo (total DNA) after pulsed exposure of cells and recovery for 24 h in the absence of peroxide reveal an approximate half-life turnover of adduct in RNA of 12.5 h, and for label in DNA of 20.7 h (compared to average levels from the 1-h samples). The kinetics of RNA turnover was notably reduced after 12 h, and after 24 h the levels had decreased by 56% (RNA) and 59% (DNA). The potential contribution of a dilution effect to the observed patterns of adduct formation due to cell cycle progression was demonstrated to be minimal, as the cells were confluent during the exposure period ( Figure 4A ). Rather, the higher concentrations of H 2 O 2 (1, 5 and 10 mM) caused a stall in cell division, observed after 24 h ( Figure 4A ). In addition, the viability of various cell types is affected differently by hydrogen peroxide exposure, and the A549 lung cells are particularly resistant to peroxide-induced oxidative stress and the resultant cytolytic toxicity (Dandrea et al., 2004) . Control experiments revealed that, under the conditions of exposure, cell viability, assessed as adherent cell number, was not substantially affected by the treatment with peroxide ( Figure 4B ). In our experiments the human A549 cells showed considerably slower half-life turnover rates for 8-oxodGuo in DNA (Figure 3 ) compared to results obtained in other cell types, such as mice embryonic fibroblasts exposed to photosensitizer and light (5.5 h; Osterod et al., 2001 ) and human lymphoblast cells exposed to H 2 O 2 (1 h; Jaruga and Dizdaroglu, 1996) . The reasons underlying this anomaly are uncertain, but may lie in differing efficiencies of repair in the respective cell lines, or the slow turnover may be a consequence of high levels of RNA and DNA damage. Some degree of isotope effect on the enzymatic processes involved is less likely, but cannot be ruled out. In addition, to date few data have been published on the kinetics of turnover of oxidized RNA. The majority of cellular RNA (up to 95%) is represented by transfer and ribosomal RNA, whereas the remaining RNA is in the form of messenger RNA and other low-molecular-weight RNAs. Turnover half-lives for rRNA and tRNA in the rat brain have been reported to be 12 and 12.5 days, respectively, whereas nDNA has a non-significant turnover (Dani, 1997) . Consequences of RNA damage will vary, depending on the target RNA species. However, collectively it can be stated that protein synthesis is a primary target for dysfunction, particularly in the face of modified mRNA species. It is interesting to note that the fidelity of nascent mRNA molecules is partially checked before translation, and thus the synthesis of incorrect (truncated) protein(s) may be prevented when the 'defective' mRNAs undergo targeted degradation (Maquat and Carmichael, 2001) . The existence of an RNA-signaling network with regulatory functions has also been recently suggested (Mattick, 2004) , where RNA damage could thus be provocative.
In conclusion, the present data unequivocally show that cellular RNA is a more sensitive target for hydrogen peroxide-induced oxidation of guanine residues than DNA. This may present serious ramifications for cellular biochemical processes, particularly involving de novo protein synthesis, thus contributing to cytotoxic events during oxidative stress. The observation may also further support efforts to establish the assay of 8-oxoGuo in urine and other body fluids, as opposed to 8-oxodGuo (Kasai, 1997) , as a potential biomarker of oxidative stress in vivo (Park et al., 1992; Weimann et al., 2002) . There is a clear need for further quantitative and qualitative validations in this area.
